Immune defenses are triggered by microbe-associated molecular patterns or as a result of damage to host cells. The elicitors of immune responses in the nematode Caenorhabditis elegans are unclear. Using a genome-wide RNA-mediated interference (RNAi) screen, we identified the G protein-coupled receptor (GPCR) DCAR-1 as being required for the response to fungal infection and wounding. DCAR-1 acted in the epidermis to regulate the expression of antimicrobial peptides via a conserved p38 mitogen-activated protein kinase pathway. Through targeted metabolomics analysis we identified the tyrosine derivative 4-hydroxyphenyllactic acid (HPLA) as an endogenous ligand. Our findings reveal DCAR-1 and its cognate ligand HPLA to be triggers of the epidermal innate immune response in C. elegans and highlight the ancient role of GPCRs in host defense. npg We thank A. Chisholm (University of California, San Diego) for vector pCZGY1434; S. Mitani (Tokyo Women's Medical University School of Medicine) for strain tir-1(tm3036); Y. Goshima (Yokohama City University) for strains dcar-1(nj66) and dcar-1(tm2484), dcar-1 cDNA, and plasmids sra-6p dcar-1Venus and sra-6pdcar-1; C. Bargmann, A. Chisholm, C. Couillault, P. Golstein and E. Vivier for critical reading of the manuscript; M. Metwaly, F. Montañana-Sanchis, S. Omi, J. Soulé and the staff at WormBase and ModulBio for technical support; and C. Melon for advice. Nematode strains pmk-1(km25) and gpa-12(pk322) were provided
A r t i c l e s
The innate defenses of the nematode Caenorhabditis elegans have diverged considerably from those of other animals. Perhaps most strikingly, C. elegans has lost the transcription factor NF-κB, key for defense in most animal species, and lacks functional orthologs of many known innate defense receptors 1 . On the other hand, core signaling pathways involved in innate immunity across a broad range of animal species are conserved in C. elegans 2, 3 , and studies of this genetically tractable model can provide insights into mammalian immunity 4, 5 . One emerging aspect of molecular conservation in innate immunity concerns G protein-coupled receptors (GPCRs). Specific GPCRs can detect bacteria-derived signals and regulate immunity in flies, mice and humans [6] [7] [8] [9] . In C. elegans, several GPCRs, including those encoded by npr-1 (ref. 10 ) and fshr-1 (ref. 11) , are important for host resistance to infection. npr-1 modulates resistance indirectly 10 , while the precise mode of function of fshr-1 is currently unknown. Although the ability to recognize perturbations of the worm's normal cellular physiology, such as a block in protein translation, has been linked to innate immunity [12] [13] [14] , full understanding of how pathogens trigger an immune response in C. elegans remains elusive 15, 16 .
One model of nematode infection involves the endoparasitic fungus Drechmeria coniospora 17 . Fungal conidia adhere to the worm's cuticle, germinate, penetrate the cuticle and send hyphae throughout the worm. This elicits a rapid innate immune response, including the upregulation in the epidermis of antimicrobial peptide (AMP)-encoding genes such as nlp- 29 (ref. 18) , one of a cluster of six infection-inducible nlp genes 19 . These genes are also induced by sterile wounding 20 . In both cases, AMP expression is controlled principally by a conserved signaling cassette that includes the p38 mitogen-activated protein kinase (MAPK) PMK-1 (refs. 19,20) , which is also important for the regulation of intestinal defenses 3, 16 . For epidermal defenses, this signaling cassette acts upstream of the STAT-like transcription factor STA-2 (ref. 21 ) and downstream of the protein kinase C (PKC) TPA-1 and the Gα protein . The last observation suggests that epidermal innate immune responses are regulated by a GPCR.
Through a functional genomic screen, we have identified a single GPCR, DCAR-1, as being required for the expression of AMPs upon fungal infection and wounding. DCAR-1 acted via a conserved p38 pathway in the epidermis and controlled resistance to infection with D. coniospora. We identified 4-hydroxyphenyllactic acid (HPLA) as an endogenous ligand for DCAR-1. Our study thus identified a receptorligand pair that controls innate immunity in C. elegans.
RESULTS
A GPCR required for antifungal innate immunity A published demonstration of involvement of the Gα protein GPA-12 in the regulation of AMP expression 22 indicated a role for a unknown GPCR (Fig. 1a) . To identify this GPCR, as part of a genome-wide screen (unpublished data), we used RNA-mediated interference (RNAi) to individually knock down 1,150 GPCR-encoding genes corresponding to three-quarters of all GPCR-encoding genes in A r t i c l e s C. elegans ( Supplementary Table 1 ). We quantified the effect of each RNAi clone on the expression of an AMP reporter gene (comprising a gene encoding green fluorescent protein (GFP) under the control of the promoter of nlp-29 (nlp-29p::gfp) 20 ), following infection with D. coniospora, by a semiautomated screening method 23 , and used RNAi directed against the control gene sta-1 (sta-1(RNAi)), which does not affect expression of the gene encoding GFP 21 , as a negative control. We identified only three clones, targeting dcar-1 (dcar-1(RNAi)), frpr-11 (frpr-11(RNAi)) and srv-21 (srv-21(RNAi)), that reproducibly decreased expression of the reporter gene. Unlike frpr-11(RNAi) and srv-21(RNAi), dcar-1(RNAi) did not affect the high expression of nlp-29pgfp seen in worms expressing a constitutively active form of the Gα protein GPA-12 (GPA-12*) 22, 24 ( Fig. 1b) , which suggested that DCAR-1 alone acted upstream or in parallel to GPA-12. Furthermore, dcar-1(RNAi) did not abrogate the induction of nlp-29 expression elicited by osmotic-stress ( Fig. 1b) , which is mediated by a parallel pathway that is essentially independent of pmk-1 (ref. 19 ) and gpa-12 (ref. 19) 21, 22 . We recapitulated these results in a dcar-1(tm2484)-null mutant background 25 ( Fig. 1c and Supplementary Fig. 1 ).
We measured gene expression at the nlp-29 cluster in dcar-1(tm2484) mutant worms and in mutant worms with a second deletion allele (dcar-1(nj66)) 25 and found that loss of dcar-1 function had a profound effect on the induction of the six nlp genes after infection with D. coniospora, while it did not greatly affect their constitutive expression ( Fig. 1d,e ). Further, dcar-1 mutants exhibited a markedly Gα (GPA-12)
n lp -2 7 n lp -2 8 n lp -2 9 n lp -3 0 n lp -3 1 n lp -3 4 n lp -2 7 n lp -2 8 n lp -2 9 n lp -3 0 n lp -3 1 n lp -3 4 Figure 1 The GPCR DCAR-1 controls the expression of AMP-encoding genes. (a) Pathways that lead to the expression of nlp-29. (b) Expression of nlp-29p<gfp by worms carrying the integrated array frIs7 (which contains the reporter transgenes nlp-29<gfp and col-12<DsRed) and treated by RNAi directed against control or candidate genes (horizontal axis) and infected with D. coniospora (Inf) or expressing the constitutively active GPA-12* in the epidermis (GPA-12*) or exposed to a high-salt medium (High salt); results are normalized GFP fluorescence presented relative to results obtained with the negative control sta-1(RNAi), set as 100%. (c) Fluorescent images of wild-type (WT) and dcar-1(tm2484) worms carrying frIs7 and assessed without further treatment (control (Ctrl)) or after infection by D. coniospora (Inf), or expressing GPA-12* in the epidermis (GPA-12*) or assessed after wounding (Wound). Constitutive expression of DsRed in the epidermis is unaffected by these treatments 20 . Original magnification, ×600 (images obtained with a filter set to visualize green and red fluorescence). (d) Quantitative RT-PCR analysis of the expression of genes in the nlp-29 cluster (horizontal axis) in wild-type, dcar-1(tm2484) and dcar-1(nj66) worms after infection with D. coniospora; results are presented relative to those of uninfected worms. (e) Abundance of mRNA of genes in the nlp-29 cluster in the wild-type, dcar-1(tm2484) and dcar-1(nj66) strains, presented as the change in cycling threshold (∆Ct) calculated as the cycling threshold for each nlp gene minus that for the gene encoding actin (act-1). Data are from experiments with at least six biological replicates (b; with at least 50 worms per condition; mean and s.d.) or are representative of over ten experiments (c) or are from three independent experiments (d,e; average and s.d.). npg A r t i c l e s heightened susceptibility to infection with D. coniospora while at the same time exhibiting essentially wild-type development and longevity on nonpathogenic Escherichia coli, as well as normal resistance to the intestinal bacterial pathogen Pseudomonas aeruginosa ( Fig. 2 and data not shown). Thus, of 1,150 GPCRs, DCAR-1 alone emerged as an innate immune receptor that acted upstream of (or in parallel to) GPA-12 to regulate a cluster of genes encoding epidermal effector molecules of the innate immune system and resistance to fungal infection.
Activation of DCAR-1 by an endogenous ligand
The dcar-1-mutant worms also exhibited an almost complete block of induction of nlp-29pgfp following physical injury ( Fig. 1c and Supplementary Fig. 1 ), which demonstrated that DCAR-1 could be activated in the absence of a pathogen and suggested that its ligand is endogenous. To explore this possibility further, we made use of two Dumpy (Dpy) mutants with defects in the cuticle (with mutation of dpy-9 and dpy-10) and constitutively high expression of genes involved in innate immunity, including nlp- 29 (refs. 19,26) . The high expression of nlp-29pgfp in both mutants was reduced upon dcar-1(RNAi) (Fig. 3a) .
As measured by quantitative RT-PCR, the expression of all six genes of the nlp-29 locus was increased in a dpy-10-mutant background, to varying degrees ( Fig. 3b) . Loss of dcar-1 function, in a dpy-10;dcar-1 mutant, reduced this elevated expression of genes of the nlp-29 locus ( Fig. 3c ) by 60-90% for nlp-27, nlp-30, nlp-31 and nlp-34 and by 20-40% for nlp-28 and nlp-29 (Fig. 2c) . The two genes with the smallest relative change in expression and least dependence on dcar-1 in the dpy-10-mutant background (nlp-28 and nlp-29) were those with the greatest pmk-1-independent increase in expression upon osmotic stress 19 . These results suggested that the elevated expression of nlp genes on the dpy-10-mutant background probably had two causes: the intrinsic alteration of osmotic homeostatic mechanisms that characterizes a subset of Dpy mutants 26, 27 , and the alteration of the structural integrity of the cuticle observed in Dpy mutants 28 , which may be perceived as a wound. This supports the idea that an endogenous ligand generated when the integrity of the epidermis and/or cuticle is compromised, acting through DCAR-1 and the p38 MAPK cascade, triggers the expression of AMP-encoding genes.
DCAR-1 acts in a cell-autonomous way in the epidermis
Examination of strains carrying the 'rescuing' translational reporter gene dcar-1pdcar-1gfp (comprising cDNA of dcar-1 fused to the gene encoding GFP under the control of the dcar-1 promoter; discussed below) revealed that dcar-1 was expressed on the apical surface in the main epidermal syncytium hyp7 ( Fig. 4a ) and confirmed its reported neuronal expression domain 25 (in the neurons ASH, ASI and PVQ; data not shown). In neurons, dcar-1 mediates an avoidance response to specific repellents, acting in concert with ocr-2 and osm-9 (ref. 25) . Unlike RNAi of dcar-1, RNAi of these two genes had no effect on nlp-29pgfp expression ( Supplementary  Fig. 2a ). Knockdown of dcar-1 expression specifically in the adult Figure 3 Elevated expression of AMP-encoding genes in dpy-9 and dpy-10 mutants depends on DCAR-1. (a) Ratio of green fluorescence (GFP) to size (time of flight (TOF)) in wild-type, dpy-9 and dpy-10 worms carrying frIs7 and treated with RNAi directed against the control gene sta-1 or dcar-1, and left uninfected (UI) or infected (Inf) with D. coniospora; results are normalized to those of wild-type control worms (error bars for normalized fluorescence ratios not presented throughout, for reasons noted elsewhere 20 (Supplementary Fig. 2b) . Conversely, expression of dcar-1gfp under the control of the dcar-1 promoter, or specifically in the epidermis via the col-12 promoter (in a strain carrying a col-12pdcar-1gfp transgene), led to restoration of the expression of AMP-encoding genes after infection with D. coniospora (Fig. 4b) and was associated with restoration of the mutant worms' resistance to infection ( Supplementary Fig. 2a ). Expression of dcar-1, as a dcar-1::Venus construct, only in the neurons ASH, ASI and PVQ, through use of the sra-6 promoter, in a strain carrying a sra-6p::dcar-1::Venus transgene, 'rescues' the defect in avoidance behavior manifested by the dcar-1 mutant 25 but was not associated with any restoration of AMP expression or resistance (Fig. 4b,c and Supplementary Fig. 3) .
The difference in the survival of the strains common to the experiments presented here (in Figs. 2a and 4c ) was linked to variation in the pathogenicity of different preparations of fungal spores used in experiments on different days. Together these results demonstrated that DCAR-1 acted in an epidermis-specific and cell-autonomous manner to regulate the expression of AMP-encoding genes and defense against infection and did so via a pathway that differed from that involved in its neuronal function.
DHCA activates DCAR-1 in the epidermis Dihydrocaffeic acid (DHCA) has been described as a potent ligand of DCAR-1 in both in vivo and in heterologous Xenopus oocyte assays 25 . We found that the direct addition of DHCA to wild-type worms triggered expression of the nlp-29pgfp reporter gene in a dose-dependent manner (Fig. 5a) . This increase was absent in dcar-1-mutant worms and in worms in which various elements of the regulatory network that controls nlp-29 expression were mutant (Fig. 5a,b) . Exposure to DHCA also triggered an increase in the expression of all six genes of the nlp-29 cluster within 2 h, and this was largely dependent on dcar-1 and pmk-1 ( Fig. 5c and Supplementary Fig. 4a ).
Expression of dcar-1 in the epidermis was sufficient to restore the induction of the nlp genes by DHCA, but expression of dcar-1 in neurons was not ( Fig. 5c) . DHCA did not, however, trigger any DCAR-1-dependent variation in the expression of several candidate genes encoding products involved in intestinal defense (Supplementary Fig. 4b,c ). Together these results showed that DHCA was able to act as an exogenous ligand that activated the innate immune response in the nematode epidermis via DCAR-1. 
A r t i c l e s
Identification of an in vivo ligand for DCAR-1 Four molecules that are structurally related to DHCA also activate DCAR-1 (ref. 25) . We therefore tested those, as well as DOPA (3,4-dihydroxyphenylalanine), the DOPA derivative DPPA (3-(3,4dihydroxy-phenyl)pyruvate), tyrosine and the tyrosine derivative HPLA (4-hydroxyphenyllactic acid), and several others. Of the 13 compounds tested, only four (DHPA (3-(2 4-dihydroxyphenyl) propionic acid), DHCA, DPPA and HPLA) triggered expression of the nlp-29pgfp reporter gene in a dose-dependent manner, with all four molecules having comparable effects ( Fig. 6a and Supplementary  Fig. 5 ). Increasing the concentration above 5 mM did not induce greater fluorescence with any of the four compounds; beyond 80 mM, DHCA was toxic, and DPPA, DHPA and HPLA were toxic at concentrations above 10 mM (data not shown).
To determine if any of the four active compounds might correspond to the in vivo ligand of DCAR-1, we undertook a direct biochemical approach, analyzing extracts from uninfected and infected worms by mass spectrometry and high-performance liquid chromatography. Whereas these analyses did not detect DHPA, DPPA or DHCA, they revealed that HPLA was present at a low level in control worms and increased ~3.5-fold upon infection with D. coniospora (Fig. 6b) . The amount of HPLA was also elevated in dpy-10-mutant worms, both in extracts of pellets of worms and from the culture medium of worms grown in liquid (Fig. 6b,c) . This confirmed that as well as being produced upon infection, HPLA was generated in the absence of infection as a consequence of alterations of the cuticle. We observed a robust time-dependent increase in HPLA upon infection with D. coniospora (Fig. 7a) . The increase in nlp-29pgfp expression elicited by the addition of HPLA was dependent on DCAR-1 and various elements of the downstream signal-transduction cascade (Fig. 7b) . These results indicated that HPLA acted through DCAR-1 to regulate the epidermal innate immune response.
Although its biosynthetic pathway has not been characterized in any eukaryote, HPLA is probably derived from tyrosine, such as through the action of an aminotransferase and subsequent reduction of 4-hydroxyphenylpyruvate (Supplementary Fig. 6a) . While knockdown of the expression of individual candidate aminotransferases in the epidermis had no detectable effect on nlp-29pgfp expression after infection with D. coniospora (Supplementary Fig. 6b) , possibly due to functional redundancy, overexpression in the adult epidermis of the candidate aminotransferase encoded by tatn-1 (ref. 29) led to the predicted increase in nlp-29pgfp expression after infection with D. coniospora, which was dependent on DCAR-1 (Fig. 7c) . This provides further support for the proposal that HPLA is an endogenous signal, or damage-associated molecular pattern (DAMP), that triggers the upregulation of defense genes via the GPCR DCAR-1 in the epidermis (Supplementary Fig. 7) .
DISCUSSION
In this study, we demonstrated that DCAR-1 was specifically required for the innate immune response to fungal infection and wounding and placed this GPCR further upstream than any other known component of innate immune recognition and signaling in the C. elegans epidermis. Since it seems to be involved in the recognition of a DAMP, DCAR-1 may be important for regulating the response to a variety of pathogens that cause cellular damage, such as D. coniospora. We note that strains of the bacterium Leucobacter induce damage and nlp-29 expression 30, 31 . It will be interesting to determine whether this gene expression is blocked in a dcar-1-mutant worm. Homologs of dcar-1 can be found in nematode genomes but not in the genomes of other animals. Receptor(s) for HPLA might exist outside the nematode phylum but might not be recognizable by their sequence. Alternatively, the use of a receptor for HPLA as a DAMP receptor might be specific to nematodes and might possibly reflect some unique aspect of their physiology or anatomy. It should be noted, however, that HPLA is a common tyrosine metabolite and can be detected across species, including in humans. Its concentration is elevated in patients with deficiency in p-hydroxyphenylpyruvate oxidase 32 and those with Zellweger's syndrome 33 , but a specific link between HPLA and innate immunity has yet to be established in any other species.
The GPCR family is much larger in C. elegans than in other organisms 34 . Members of this family show considerable genetic diversity, with evidence for positive selection of some. This has been hypothesized to reflect a role in pathogen recognition 35, 36 . DCAR-1 may thus be one of several GPCRs involved in mediating host-pathogen responses in C. elegans. It is not known whether any GPCR recognizes specific microbe-associated molecular patterns.
Uracil has been found to elicit intestinal inflammation in Drosophila via an as-yet-unidentified GPCR 6 , while specific taste receptor GPCRs in the mammalian nose detect bacteria-derived signals and can regulate innate immunity in the upper respiratory tract of mice and humans [7] [8] [9] . Our finding that ligand-activated DCAR-1 was required for immune defenses against D. coniospora reinforces the proposal that GPCRs constitute an important but largely unexplored conserved class of immunomodulatory receptors in many species.
Activation of DCAR-1 in the epidermis regulates immunological defenses. Neuron-expressed DCAR-1 has been shown to serve a role in aversive behavior 25 , which can protect C. elegans from exposure to pathogens 10, 37 . Thus, DCAR-1 potentially has a second role in host defense. The strength of the repulsion phenotype that worms display in the presence of certain pathogens is dependent on the density of the worm population and possibly reflects interorganism signaling 38 . We speculate that DCAR-1 might be involved.
We have provided correlative evidence that HPLA is an endogenous ligand of DCAR-1. Proving this definitively is not straightforward, since manipulating the concentration of HPLA involves altering Figure 7 Endogenous HPLA increases upon infection with D. coniospora and triggers the expression of nlp-29 AMP-encoding genes via a DCAR-1-PMK-1 signaling pathway. (a) Abundance of HPLA in wild-type worms at various times (horizontal axis) after infection with D. coniospora, presented as integration of high-performance liquid chromatography-mass spectrometry (MS) peaks (retention time and peak intensity as in Fig. 6b ), normalized to the worm pellet dry weight. (b) Fluorescence ratio (as in Fig. 5a,b ) of wild-type and mutant worms (horizontal axis) carrying frIs7, left untreated or treated with 5 mM HPLA (key). (c) Fluorescence ratio (as in Fig. 5a,b ) of wild-type worms (left) or wild-type that additionally carry an epidermally expressed construct col-19ptatn-1 (right), left uninfected or infected with D. coniospora, and treated by RNAi with control or dcar-1-targeting clones (horizontal axis). Data are representative of two experiments (a) or experiments with at least three (b) or two (c) biological replicates of at least 50 worms per condition. npg tyrosine metabolism, which can affect many aspects of the development and physiology of worms 29 , including formation of the cuticle 39 , and thus can influence nlp expression in many ways. Nevertheless, understanding the mechanisms that lead to the observed infectiondependent increase in HPLA will be of interest. One open question is whether D. coniospora contributes actively to HPLA production or whether the increase in HPLA is purely a consequence of host mechanisms brought into play by the physical disruption of the cuticle and/or epidermis that occurs as the infection progresses 17 . In either case, HPLA seems to act as a DAMP for C. elegans.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METHODS
Nematode strains. All strains were maintained on nematode growth media and were fed E. coli strain OP50. The wild-type reference strain is N2 Bristol. The strains dcar-1(nj66) and dcar-1(tm2484) 25 were provided by Y. Goshima; strain tir-1(tm3036) was provided by S. Mitani; the strains pmk-1(km25) and gpa-12(pk322) were obtained from the Caenorhabditis Genetics Center; and strain tpa-1(fr1) has been described 22 . Details of strains IG274 (containing frIs7[nlp-29pgfp, col-12pDsRed] IV) and IG1389 (containing frIs7 and frIs30 [col-19pgpa-12*,unc-53pBgfp] I) are provided elsewhere 20, 24 . GPCRencoding genes were screened by RNAi in 96-well plates as described 23 . All other RNAi feeding experiments were done essentially as described 22 .
RNAi. For the genome-wide screen, clones were used directly from the Ahringer RNAi library 40 and the Vidal RNAi library 41 . For subsequent studies, insert sequences were verified before use. The clone targeting tpa-1 has been described 22 .
For epidermis-specific RNAi, the transgene frIs7[nlp-29pg fp, col-12pDsRed] was crossed into two strains, CZ14540 rde-1(ne219) V; juls346 42 and JM43 rde-1(ne219); Is[wrt-2prde-1; myo-2prfp] 13 .
Constructs and transgenic lines. All the mutant strains carrying frIs7 or frIs30 ] were obtained by conventional crosses with the IG274 strain 20 or IG1389 strain 24 , respectively. Full genotypes of the transgenic strains are provided below. The dcar-1pdcar-1gfp construct contains 2.5 kilobases of genomic sequence upstream of the start codon of C06H5.7 and was obtained by PCR fusion as described 43 with PCR fusion primers JEP2018, JEP2019; JEP2020, JEP2117, JEP2048, JEP2120, JEP568, JEP572, JEP2120, JEP569 and JEP570 and with dcar-1 cDNA 25 (a gift from Y. Goshima) and the vector pPD95.75 as templates. For microinjection, 20 ng/µl of the construct plus the coinjection marker col-12pDsRed 20 or pRF4[rol-6(su1006)], at a concentration of 80 ng/µl, was injected into dcar-1(tm2484) animals. From six independent lines generated, lines IG1473 and IG1476 were retained for further study.
To drive expression of dcar-1gfp specifically in the epidermis, a col-12pdcar-1gfp construct was generated by PCR fusion with the primers JEP367, JEP568, JEP569, JEP572, JEP902, JEP2047, JEP2048, JEP2120, JEP368 and JEP570 along with dcar-1 cDNA 25 , and the vectors col-12pDsRed 20 and pPD95.75 as templates. A second construct, col-12pdcar-1, was also generated with PCR fusion primers JEP902, JEP368, JEP2047, JEP2048, JEP2049, JEP2051 and the vector col-12pDsRed 20 and dcar-1 cDNA 25 as templates. The sra-6pdcar-1Venus and sra-6pdcar-1 plasmids 25 for specific neuronal expression of dcar-1 were gifts from Y. Goshima. For microinjection, 20 ng/µl of the construct of interest and the coinjection marker col-12pDsRed 20 or pNP21[unc-53pBgfp] 44 , at a concentration of 80 ng/µl, was injected into the dcar-1(tm2487) or IG1424 dcar-1(tm2484); frIs7 strain. Several lines for each construct were obtained. The lines IG1479, IG1482, IG1435 and IG1438 were retained for further study.
The col-19ptatn-1construct was generated by Gibson cloning, fusing the promoter of col-19 amplified from the vector pCZGY1434 (provided by A. Chisholm) 42 with primers JEP2244 and JEP2245, and tatn-1 (including its 3′ untranslated region) with primers JEP2246 and JEP2247. The construct was injected (at a concentration of 5 ng/µl) together with pNP21[unc-53pBgfp] 44 (at a concentration of 80 ng/µl) into the IG274 line. Two lines were generated (IG1523 and IG1524) that gave equivalent results in initial characterization. The line IG1523 was retained for further study. The expression of tatn-1, as assessed by quantitative RT-PCR, was 3.1-fold higher (±0.5-fold; average ± s.d.) in samples from this strain than in those from age-matched wild-type worms (two independent experiments). For subsequent dilution to a final concentration below 20 mM, fresh aliquots were first diluted to a concentration of 50 mM in deionized water and then were diluted to their final concentration in 50 mM NaCl. For DOPA, a stock solution of 10 mM was prepared in 50 mM NaCl, divided into aliquots and stored at −20 °C. Fresh aliquots were diluted to their final concentration in 50 mM NaCl.
Infection, wounding, osmotic stress and treatment with phorbol myristate acetate. Infection, epidermal wounding, treatment with phorbol myristate acetate and osmotic stress were done as described 22 .
Killing assays. 50-70 worms at the young adult stage were infected for 16 h at 20 °C with D. coniospora, then were transferred to fresh plates, and the surviving worms were counted every day as described 45 . Assays with P. aeruginosa strain PA14 and E. coli strain OP50 used 50-100 worms at the young adult stage and were done at 25 °C with full-plate lawns as described 10 . In contrast to P. aeruginosa strain PA14, which repels C. elegans, spores of D. coniospora attract worms 46 . For assays with D. coniospora, standard plates containing E. coli strain OP50 were used. Spores were spread uniformly across the bacterial lawn. There was no obvious difference between wild-type worms and other strains in their lawn occupancy. The one-sided log-rank test and Prism software (GraphPad) were used for statistical analyses.
Analyses with the Biosort worm sorter. Expression of the nlp-29pgfp
and dcar-1pgfp reporters was quantified with a COPAS Biosort system (Union Biometrica). Generally a minimum of 80 synchronized worms were analyzed for size (time of flight), extinction and green (GFP) and red (DsRed) fluorescence 47 . The ratio green to red was then calculated to correct for variations in size and health of individual worms and potential nonspecific effects on transgene expression 20 . In one case in which the red fluorescence was very different for different populations of worms (Fig. 3a) , the ratio of green to size (time of flight) was used. Where only mean values for ratios are presented, the values for the different samples within a single experiment are normalized so that the control worms (generally wild-type) had a fluorescence ratio of 1. As discussed more extensively elsewhere 20 , as the distribution of fluorescence ratios is far from normal, s.d. values are not an appropriate parameter and are not presented for experiments done with the Biosort system.
RNA preparation and quantitative RT-PCR.
Preparation of RNA and quantitative RT-PCR were done as described 20 . Results were normalized to those of act-1 and were analyzed by the cycling threshold method. Control and experimental conditions were tested in the same 'run' . Each sample was normalized to its own act-1 control to take into account age-specific changes in gene expression. 
